Status of the

LUX-ZEPLIN
Experiment

Direct Detection Search for WIMP Dark Matter |

Greg Rischbieter
Postdoctoral Associate, SUNY at Albany

SUSY 2022
On behalf of the LUX-ZEPLIN Collaboration

G. Rischbieter, SUNY at Albany | SUSY 2022



1.Z (LUX-ZEPLIN) Collaboration” " H® Y

35 Institutions: 250 scientists, engineers, and technical staff

° Royal Holloway University of London

° Center for Underground Physics ° University of Liverpool
° Edinburgh University
° STFC Rutherford Appleton Lab.
° Imperial College London
° University of Oxford

° LIP Coimbra ° University of Bristol ° University of Sheffield
° University College London

UK Portugal Korea
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WIMP Dlrect Detectlon with a Dual Phase TPC

e The Time Projection Chamber (TPC) allows for Slgnal pI’OdUCtIOH in xenon
Reconstruction of the Number of Scatters, Interaction
Position, and Energy Escape
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[.Z. Detector Overview

e Xenon TPC LZ detector design:
NIM A, 163047 (2019)

+ Total mass: 10 tonnes

+ Active mass: 7 tonnes - &
+ Fiducial: 5.6 tonnes ol
Existing
water tank
Titanium B .
cryostats \\_ ~- 4 Gadolinium-loaded
J' Il g . liquid scintillator veto
. -
LXe heat = =t
exchanger — & D s 120 Outer
tower e TP : detector
PMTs
T IS

* 3-component veto system:

+ Water tank

+ Gd-loaded scintillator Cathode high 7 tonne active volume
voltage connection liquid XeTPC. 10 tonnes total
+ Instrumented LXe Skin (50 kV cathode)
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https://www.sciencedirect.com/science/article/pii/S0168900219314032

The TPC
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LZ Commissioning

e TPC detector filled and leveled = —_—

Bottom array average

* Grids biased: extraction & drift fields established ) -
+ Dirift field ~190 V/cm e et e e Bt
+ Extraction field ~7.5 kV/cm gas i
. . . . ;;‘5’ J\‘ First 10 K of cool down Main part of cool down
® Data processing chain exercised with first S|1+S2s m
1::3
* Data acquisition & trigger settings tuned |
* PMT operations & characterization o S0 %2 0 5E o WPE o PE o Ober
+ LED measurements for after-pulsing and single :
photoelectron (SPE) studies 3 s S2
PMTs gain-matched and gain drifts monitored e . sl i
Dark count & double photoelectron emission (DPE) O mm e mw gy mw
analyses 1e6
. . . . . - Mean = 1.98e+06 +/- 1e+03
* Event reconstruction algorithms highly reliable, with a 24 - Intended Operational Gain: 2.0e-+06 +/- 10%
. . . . Top Array PMTs
Single Scatter identification accuracy >95% S Bottom Array PMTs
N e | [ | [ —
* Application of machine learning to find anomalous 2 i s | .
o o il e, .
events 220/ gL Sl oot
5 ; . T
L
o
1.6- . .
Preliminary
0 253 300 541

PMT Channel ID
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TPC Calibrations

T S
:

 Have calibrated the detector with 22Rn, 4
H, D-D,AmLi, #™Kr, and more! A0
. . . =1 3751 AR
* Injection of tritiated methane SRS
Q350 TeER
4 Spatially homogeneous source of 5 ER, g% s
0-18.6 keV =
3.00f
e External D-D fusion -
4 Monoenergetic 2.45 MeV neutron beam
4+ Up to 107 neutrons per second 425}
* Tuning with The Noble Element _
. . . = 375F
Simulation Technique, NESTv2.3.7 ER e ey
350 e a0 T
4 Tuned to *H and D-D calibration data to ERRE i
. & SLor SN Preliminary
provide the detector response model RS i :
4+ g, =0.1149 £ 0.0021 phd/photon 2755; - '
4+ g =46.38 t |.5] phd/electron NS e PP v i PT i sk P B i Y B
2 0 10 20 30 40 50 60 70 80
4 Extraction Efficiency = 80.49 + 3.72% Slc [phd]
github.com/NESTCollaboration/nest Bands are the tuned NEST response for and D-D
nest.physics.ucdavis.edu calibration sources; 90-10% CL Widths, Skew Gaussian Fits
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http://github.com/NESTCollaboration/nest
http://nest.physics.ucdavis.edu

Calibrating with High Energy Backgrounds

Internal mono-energetic sources provide electron lifetime (purity) and a cross-check on g,,g,

* Electron Lifetime:
4 Characterized with S2 size as a function of depth for '3'™Xe, '2’Xe, injected #™Kr, and MeV-scale alphas
4 Has varied between 5000 and 8000 ps during science run (Original Goal: 850 ps)
4 951 ps TPC depth (1.54 mm/us average drift speed)

e Doke Plot:
4 Measuring g, and g, from mono-energetic background and calibration sources FE = W(& &)
S2 _ 92 (9_2)&

* Using bottom PMT g, here; linearly related to the full TPC g, ” 5
4 Results are in agreement with the results from NEST tuning with tritium and D-D 75 =

9/ E
e-Lifetime [us] Vs elapsed days 800 T T T g ek alskev B PiBi 609 keV |
. 1251; 67.3 keV 25Ac: 911 keV
) 10000: Prelimi I ~B- "'"Xe:164 kev P~ ¥Co: 1173 keV |
= B reliminary 700K - Xe: 208 keV B “Co: 1332 keV |
g 9000} B ¥Xe:235keV D~ “K: 1460 keV |
2 = P rXe: 276 keV  —P- UBi: 1764 keV |
5 8000F —_ g —p- "Xe: 380 keV —p- 4Bi: 2204 keV 1
d - W ! : % 6001 B Xe: 408 keV B TI: 2614.5 keV |
7000 ' | =
= L] » 2 o] -
6000~ 1 T ! | =%
= ‘ 23
5000 “Z400. Preliminary
40005 o Combined S (Stat. Weighted, Gaussian) ;§
|— — ompine: ources at. vveignted, Gaussian (9]
- E . w From Doke Plot:
3000 s i:) o ~7300F  ¢,=0.1135 + 0.0036 phd/ph
20003 . Xe-127 + Xe-129m _ gy"*"=14.74 + 0.61 phd/e-
- 200" From NEST Tuning: ]
1000 | g,=0.1149 + 0.0021 phd/ph
E 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 | 1 1 I L ‘gglz)()t‘t(”:lrzl 1|4T8w9 \j:w ()|.4|8‘ plhwd-/we_| L | L L L L | L L L L | L L L L 1 L L
0 1085 3.5 4.0 4.5 5.0 5.5 6.0 6.5
SlapeadaTs (S1c)/E [phd/keV]

The LUX-ZEPLIN (LZ) radioactivity and cleanliness control programs
LZ Collaboration, D.S. Akerib et al. (Jun 3, 2020) Published in: Eur.Phys.J.C 80 (2020) 11, 1044 e-Print: 2006.02506

G. Rischbieter, SUNY at Albany SUSY 2022 9


https://inspirehep.net/literature/1799429
https://inspirehep.net/authors/1018797
https://arxiv.org/abs/2006.02506

Background Sources and Mitigation

* Detector materials Many sources of BG

+ Nothing went into the detector without screening
+ Radio-assay campaign & neutron activation analysis

* Rn emanation

+ Four screening sites
+ All major parts emanated before assembly

* Rn daughters and dust on surfaces
+ TPC assembly in Rn-reduced cleanroom
+ Dust <500 ng/cm2 on all LXe wetted surfaces
+ Rn-daughter plate-out on TPC walls <0.5 mBq/m2

Many methods for BG
mitigation

®* Xenon contaminants — 85Kr, IAr
+ Charcoal chromatography at SLAC

* Cosmogenics and externals
+ 4300 m.w.e. underground at SURF in Lead, SD
+ Instrumented Xe skin region
+ Gd-LS outer detector
+ High purity water shield

Weld (3)

| Central part (1) e

Eur. Phys. |. C. 80: 1044 (2020)
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https://epjc.epj.org/articles/epjc/abs/2020/11/10052_2020_Article_8420/10052_2020_Article_8420.html

Kr Removal System

Gas chromatography to remove Kr from Xe

10" (SRR

+ "Kr can be reduced to 0.1 ppt g/g "**Kr/Xe
and ""Ar to a negligible level

Concentration
=

: | e e R il i
0 50 100 150 200 250 300
Time (min)

Chromatography Recovery

Storage
loop loop >
Compressor
. - -
2= = l‘ ”l\ 'r l
e \ Cold
krypton
L Freezer
Purified
Xenon xenon
w/ trace
krypton
Circulation o Vacuum
pump pump

Kr remoyal system at’
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Xenon Skin Veto System
Tagging ys as they enter or Ieave the TPC

— L Sateiig L‘E““‘:‘"g“i“:‘—“—rf‘a
Looking down l,nto,the Inner Cryostat: —— I ——
”, P N =01 Example Fiducia ”Sing e R:ns?DiEéZm 106082 MPE » SPE @ Other
202 o up ward-f ac”?-.? P!Vl IS ¢ ===1 Scatter’, removed by Skin ’
o Veto
¢ | s S2
o7 - | i)
s | I | I | T I
I" . ‘ /}@V/’, . 200.00 150.00 100.00 0.0
' | V2A . -
O "
-;"". \ i --*' R:n;SIOS?; Event 16046
% N e
2 ) e Skin S1, 96 phd
® /TS - e W '@ 0.0e
Underneatf’) the Bottom Array: Along the.Top Array:
182 Dome PMTs el 93 1” Side PMTs

F:! = - \!;
Rt )
: : ; .‘x

—

e 4-8 cm of LXe between the TPC and inner cryostat
e ytagging efficiency of 78 + 5% based on '*’Xe decays originating in the TPC
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The Outer De

tector

-

= 350 1
Iz lo—+o—o : :
S - + —=e— OD Background Data, 08/11/21
g 300 __ ----------- <100 Hz Requirement
Ee) - ¥ 0 | e 100 keV / 17.7 phe
c ) :
3 C + L 200 ifey /35.5 phe
o 250— : Prediction for 200 keV, 60 Hz
e | a
8 - : :
Q C 2 :
o) 200 ; E
- Ko
- .
1900 + s
. *r
100 :—*H:_’_ """"""""""""""""" """""""""""""""""""
u e i
I~ e i
- Preliminary ;
0 —[ | | | | | I | 1 1 1 1 | 1 1 1 ! | ! ! ! | l |
0 10 20 30 40 50
OD Threshold (phe)

(OD)

Ensemble of six acrylic tanks filled with 17
tonnes of Gd-loaded liquid scintillator
120 8” PMTs mounted to the water tank
TPC Single Scatter NR tagging-efficiency:
88.4% (from calibration with AmLi)
Observed slightly lower backgrounds than
expected

O Leads to threshold below 200 keV

=
s 102
S -
% Cf252 spontaneous fission neutron source
% 10
o
- 2.2 MeV H- 8.5 MeV 19°Gd
L _— capture peak capture
- endpoint
107" = /
102 =
~ Preliminary
1 1 1 1 I 1 1 1 1 Q 1 1 l 1 | I 1
0 500 1000 1500 2000 25

OD Pulse Area (phe)
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Expected backgrounds for 5.6 t fiducial - 1000 days

Phys. Rev. D 101, 052002 (2020)

M Rn-222

m Rn-220 B Atmosphericv

W Ar-39 m Diffuse supernovav
1131 ER . 1.03 NR m Detector

m Xe-136 2vBp events

m Solar v

events

m Surface

B Environment

m Surface

* Solar v below 6 keV

m Det+Eny NR threshold used
5.66 events after 0.52 events after
99.5% ER discrimination 50% NR acceptance
Without veto (3.2t Fid. Vol.) _ With vetoes (5.6t Fid. Vol.)
1o [N e S AR e,
Distributions of =t 5 o b
. 100 - "' 10! § 100 - : 10! §
single-scatter nuclear —_ e 2 = : Z
TP 5 *r T s —® 5 % l £
recoils in 40 Gev ~ @ 10-31dct8/1009;; 3 N o 108cts/1000 | [ S
WIMP ROI (6-30 keV) WS- : o~ 93S e
20} st 203- i -
e s e of el [
r? [cm?] r? [cm?]

T e T S o Tt e O SO . 5 O O T P D, I o T B S 0 S TP g o Yo el P S DR o AP
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002

Backgrounds Analysis: Rn chain backgrounds

® Rn-222 and Rn-220 emanates from U-238 and Th-232 0oy ) o
contamination in detector materials and diffuses into 120}3n_222' AT 7
the Xenon (BPEe m 2 _p.5=214_. ' E N
+ Inline radon reduction system further reduces radon - 1 SR W

& 1
concentration § 8o . i -
“ ”» N :- S - " 8

®* The “naked betas” from Pb-214/ Pb-212 are a WIMP o . T e,
background g/ - ol ST ;
+ Pb-214 is the largest background contribution N zid L 4

20— = - - T B B ]
®* Preliminary analysis shows Rn-222 rate within expected T i e T
4 5 7 8 9 10
range Energy [MeV]
BiPo coincid e Sum Fit
— N IPO coinci enceg are = Preliminary _ )
Fn.892 Alphas are densely ionizing events where the Bi-214 - Rn-222 SV /N Rn-222
. n- ; : beta is followed in quick -
(3.824d) |- and.energetl.c Ieadllng to succession by a Po-214 s A Y A W
l * .I distinct S1 signals in the TPC alpha giving rise o an A I T T T
eV) / identifiable beta-alpha =
. o - coincidence g r
e Po-214 | Po-210 S [
. 7 & (164 us)~ . g- | (138 day)

l a | . "% E po-210

. a Bi-214 |, Bi-210 a =
\ (6.1 MeV) ,1 (20 min) \(Z.8 MeV) /| (5 day) (5.4 MeV) L

. ’ o= ’A - : B
Pb-214 B Pb-210 Pb-206 » " "R T
(27 m) (22.3y) (stable) 1 5 5 7 8 9 10
‘ Energy [MeV]
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Constraining Xenon Activation Backgrounds

* Xenon can become activated by cosmogenics leading to background contributions from '%’Xe,
129mX e, 13'mXe, 133X e (other Xe activation products are much shorter lived)

* 127Xe can contribute to low energy ER backgrounds

* Activation rates can be estimated via extrapolations from LUX results and Activia calculations
(open-source package for estimating activation)

10° = t Data Model Xe-127 decays by electron capture
~ - Pb-214 - Xe-127 - Xe-129m --- Xe-131m --- Xe-133 127X
10° = K _127Xe 172+
= ... Xe-136 32+ _ O 618.4 _ 00143% % 3644
T 10 ;_ | n Preliminary £
- = o ¥ o 5 AT
Q = g P =k 12+ N 375.0 47.6%
: a3l P dmE o~ "-; <135 ps 5 LS
= e el 4B 5 5
o E it B T la | 3 . PO ;
g — ' 1 ] = o 1 - 0339/2+ v S 2:)2-9 . 30%
—102 & i i 1 a : cdo s
2" Bl A ' i) o
§ [ - o7 e v WV 576 QEc = 662.3
Ll>J N - - e O Tmmme g Y ¥ v 0.0
; stable 1271
1 .-.------l--..-ll"
— . WIMP background arises from rare case where Xe-127 gamma
N .::-, L, escapes the TPC and low energy cascade occurs within bulk
10 100 150 200 250 300 350 400 450 500 = Highly veto suppressed and strong positional dependence
Reconstructed Energy [keVee]
G. Rischbieter, SUNY at Albany SUSY 2022 |6



Projected Sensitivity (5.6 t exposure, 1000 live days)

ST WIMP-nucleon cross section [cm

I I I

80

LZ sensitivity (1000 live days) — LUX 2017 E
10-4 Projected limit (90% CL, one-sided) —— XENONIT 2018 | S ¢ 1000 ‘Lz
= - i = Imulation of a ay run o
= || #loexpected PandaX-4T2021 3§ 5, “ 7O W T T
N +20 expected (corrected) ] [ :
_44 Electron .o
10 E_ _E 4.5 . Recoil Band ot
107 =k
= = Nuclear
_46 B n % Recoil Band ]
TE 3 : é
1077 - = ]
= I PP I PP IR PETYE IRTEY FTEWE P
107% = ﬂe\lt{‘“O“)g — %20 10 20 30 40 50 60 70
= 3 Slc [phd]
- i | | | | | | | | | f = | 1
1 49 L1
¢ 10 100 1000
WIMP mass [GeV/c?] -
90% CL minimum of
-48 2 2
Phys. Rev. D 101, 052002 (2020) .4 x 107" cm” at 40 GeV/c
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https://journals.aps.org/prd/abstract/10.1103/PhysRevD.101.052002

Outlook

*LZ is a multi-physics experiment, primed for detection of WIMPs

* Construction and Commissioning was completed successfully,and LZ
has been collecting science data

* First Science Results expected this year Stay Tuned!

2022 will be an exciting year for LZ and the Dark Matter Research
Community!

B a2 iading

G. Rischbieter, SUNY at Albany | SUSY 2022 18



Thank Youl!

Thanks to our sponsors and 35
participating institutions!

1461 mm
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® . .
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U.S. Department of Energy

Office of Science é Sanford

Underground Research Facility
South Dakota Science aﬁd Technology Authority
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G. Rischbieter, SUNY at Albany © SUSY 2022 | 19




Backup Slides
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Expected backgrounds for 5.6 t fiducial - 1000 days

TPC only
Background Source

Detector Components

Surface Contamination

10.31 events/5. 6 torm '5:,
Fiducial Volume -

Laboratory and Cosmogenics

counts/tonne/year

Xenon Contaminants
Radon is the

dominant

%02 202 302 402 502 607 702

r? [cm?]

natKr (0.015 ppt g/g/) 24,9 TPC + Xe skin + Gd-scint.
natAr (0.45 pub g/g) 2,5 P e
Physics 258 0,51 [ETY, T
136Xe 2vBP 67 0| B e
Solar neutrinos (pp+7Be+13N) 191 o*| E 80;1'0;::;2?;? \//if;::ne E §
Diffuse supernova neutrinos 0 0,05| & d W %
Atmospheric neutrinos 0 0,46 Ot ; :
Total 1131 1,03 | eer: o Nioa
with 99.5% ER discrim., 50% NR eff. 566 0,52 A Drem
" 6 keV NR threshold used D.S. Akerib et al (LZ collaboration) Phys. Rev. D 101, 052002 (2020)
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Sensitivity reach vs Pb-214 rate

Impact on 40 GeV WIMP sensitivity with increasing Pb-214 rate, as a proxy for increasing flat ER
backgrounds

X

—

o
A
(s

N
»

LZ Sensitivity 1000 live days, 5.6 tonnes Estimates from Sims

N
N

E— Projected Limit (90% CL one-sided)

N

" pajosioid

"W 10108190 X01

—
(@)

""y1z-ad \erewns3 ubiH

—_
NN

S| WIMP-nucleon Cross Section for 40 GeV [cm?]
. o

—
RSN ERRRORERRRRRERRRRRRRRRREE] EEn

4 6 8 10
Pb-214 Rate [uBqg/kg]
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Early Science Backgrounds

. Background model in WIMP
ROl is built using tuned
background simulations and
normalizations derived from

the measures described

+ Predicted normalizations using
PhysRevD 101.052002

.+ *37Ar extrapolated based on
results in arXiv 2201.02858 "

. *127Xe extrapolated using LUX 8
results AstroPart Phys 62, 33

—
<

m= Ar-37 == Detector-ER Kr-85 Pb-212 w=mPph-214

—
S
N

== Solar-ER == Xe-124 Xe-127 ==Xe-136 == Total

—
<
w

'y
S
IS

Rate [counts/kg/day/keV]
o

—
<
(6)]
O IIIIIIIl [ IIIIIII| I IIIIIII| [ IIIIIII| I IIIIIIII [ IIIIIII| [ TTTI

—
=

4 6 8 10 12 14
Electronic Recoil Energy [keV]

*Ar-37 and Xe-127 have 35 d and 36.4 d half-lives, respectively, and
are only backgrounds for early science operations
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TPC & Skin Integration in the Surface Assembly Lab

R & v= Y Detector integration
/

*  started in December
... 2018 at Surface Assembly

Laboratory (SURF)

{;’f\ ~13,500 working hours

Insertion
into inner
cryostat ’

|
vessel * k.

B, -
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Transport of TPC Underground

October 2019

rar

\

‘ WV Lo
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o, SRR
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Underground deployment I

‘ e\

Lowernsinneracryostat vessel

\ : <& E : L o 75 B . . / .
iIntod outer cBlostat vessel ! & %4 §F R Making up cathode connections
— , - (under N2 purge)
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Underground deployment 11

Outer detector

(veto)system):

.
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Underground deployment I11

Carmen Carmona - Penn State‘ | | CoSSURF 2022




LZ Cryogenics

* Cooling provided by thermosyphon technology
(also used in LUX)

Thermosyphon .
principle \'
| Heat Cryocooler .\ \
Chilled water %A AF \ \_:
) ;‘ y
A “l .
Te L (cacking) Liquid nitrogen bath |
Condenser 5
N LN stprage %
Jeat vegsel N
q &
\ AN
§ —— Condenser
TaY La (adiabatic)
§ Evaporator
Q (attached to
= - LXe tower /
detector) \
Heat::
Q . Ly (heating) T
o~ Evaporator g
Rl (Cold Head)
p Heate
under clafnp
A TSRO DA SO ST 6 P
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Xenon Circulation System

Storage and Recovery

. A
V—>>—> Getter Radon Removal <
<-
Compressors :
. Cabl Cable
Breaak:ut £ |: Breakout
|.IC|UiC| ! . Xe Vapor
eir
Xenon =
Tower 3
2
a N
" S %
i al S E
@ 5 RES a Lxe TPC ‘?’: S Cathode
- 5 .% < High
S ﬂ ] - Voltage
Ne) o Q
& | =
N = TPC PTFE
Gas Gap | Walls
b P Cryovalves ; 3 LXe Skin /
\C )
: - Water Tank
Sampling Systems I —
(Mobile and Stationary)
Time
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Xenon Circulation System & Cryogenics Commissioning

H N "SI =T WTEN T T : 1 ITEmT Tt ~ TIE, I \ J['\ ‘ ! ‘ :’_“;
i Cryo tower for xenon condensing (shown here in a test setup)

* Design gas circulation rate: 500 slpm

+ Turnover full Xe mass every 2.4 days

+ Underground commissioning
completed

* Up to 600 slpm demonstrated

® Purification using hot zirconium
getter
+ Removes non-noble impurities

-t

Water tank'flan S—
1 @ge‘

e

Tranefer ngéz S

600
550
500
450
400

L35
300
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